ABSTRACT
I. INTRODUCTION
The reconnection of magnetic fields in space and astrophysical plasmas plays an essential role in their characteristics and evolution. Reconnection is also fundamental for the formation and evolution of laboratory plasmas such as the spheromak and reversed-field pinch, albeit at very different plasma parameters from those in the natural environment. Clearly, understanding the role and characteristics of the reconnection in these laboratory plasmas is important to both their development and to contributions to elucidating the fundamental processes. Here we consider them in the context of a spheromak plasma.
A flux-core spheromak can be formed and sustained by a coaxial plasma gun, a process often called coaxial helicity injection. 1 The injection of magnetic energy and of helicity, a measure of linked magnetic fluxes, results when the voltage on the gun is applied across a bias poloidal magnetic flux between the gun and a "flux conserver." 1, 2 The current from the gun generates a toroidal magnetic field and net toroidal flux. The resulting plasma configuration pinches and becomes unstable to nonaxisymmetric, magnetic modes with the n=1 toroidal mode usually dominant. In the low-amplitude, linear phase these modes generate poloidal magnetic field but the modes are non-symmetric and no net, toroidally-averaged poloidal flux is generated. However, when the mode amplitudes become large, nonlinear processes generate axisymmetric (n=0) poloidal field and flux, resulting in an amplification of the bias flux. 3, 4 The generation of the axisymmetric flux requires a topological change in the fieldlines via magnetic diffusion or reconnection.
The buildup of poloidal flux in the Sustained Spheromak Physics Experiment (SSPX) 5, 6 is accompanied by voltage spikes on the gun cathode.
Similar voltage spikes (or oscillations) were seen in CTX when it was driven by a high impedance power source, 7 but their cause was not understood. Results presented in the present paper show that voltage spikes accompany magnetic reconnection in a resistive magnetohydrodynamic (MHD) simulation using the three-dimensional NIMROD code 8 ,9 and provide a description of the reconnection physics within the resistive MHD approximation.
The NIMROD code has been shown to provide a good description of the MHD characteristics of the experiment. time for a double pulse experiment. The differences between the experimental data and the simulations are no worse than 25% and typically are much smaller.
There are no major qualitative differences in the results compared. Although the diagnostics presently available on SSPX are not able to measure the detailed, local interior structure in the current and other parameters, these results strongly suggest that the resistive MHD physics in the code is a good approximation to that in the experiment.
It should be kept in mind that the NIMROD description of the spheromak is an idealized model, and many pieces of physics are outside of its scope. Ono, and coworkers. 14, 15 studied reconnection in the boundary layer between colliding spheromaks; among other results they demonstrated that the helicities of the spheromaks were additive during the reconnection and that substantial ion heating resulted from the magnetic field annihilation. 16 and suggest that this implies a role of current-sheet compression. In SSX the structure of the azimuthal current layer between colliding spheromaks had a central peak reversed relative to the current outside this layer. 19 Reversed parallel current densities were also measured in two spheromaks, SPHEX and FACT, 20 using probes located between the wall and R/2 with R the flux-conserver radius. The plasmas were more strongly driven than SSPX and considerably less symmetric, with magnetic-field fluctuation levels ~10%, and the current reversal occurred sporadically. The local reversal of the current direction likely occurred when the large amplitude motion of the return current column moved it across the probe position rather than in a current sheet associated with reconnection.
A current sheet has also been studied during spontaneous reconnection in the Madison Symmetric Torus (MST) reversed field pinch. 21 It was located at the q = 0 (reversal) surface and was found to have a toroidal mode number n = -1 and a broad structure with a width of order the ion skin depth, greater than expected from linear two-fluid theory. The results are complementary to those in the spheromak in that the ohmic drive in the RFP injects poloidal flux which is converted into toroidal flux by reconnection. In the RFP this occurs in "sawtooth" bursts; in this work we suggest that reconnection in the spheromak is also a relaxation process and results in the observed spikes in the cathode voltage. Figure 1 shows the startup voltage, current, and poloidal magnetic field in the SSPX spheromak. A very similar startup history found in the NIMROD code is also shown and helps clarify the physics processes. To obtain these results, the experimental geometry, bias magnetic flux, and gun current were duplicated closely. The voltage is determined by the response of the plasma in the flux conserver, which has been assumed to be at a constant density (5x10 19 cm -3
II. VOLTAGE SPIKES AND POLOIDAL FLUX GENERATION
) for the reasons discussed in the introduction.
The applied (bias) poloidal flux is ejected from the gun in a "bubble burst"
Examination of the numerical results shows that the poloidal flux during this process is nearly constant at the bias value even though the field is being redistributed in space. Once the plasma pinches and axisymmetry-breaking modes grow to appreciable amplitudes, a series of bursts occurs during which the toroidal flux decreases as seen in Fig. 1 and the poloidal field and flux increase and voltage spikes appear on the cathode. We suggest that the change in topology results from the reconnection events that we examine in detail in the simulation.
During these events, the energy in the axisymmetry-breaking modes decreases significantly, as can be seen in the isolated event discussed in the next section. The next event is delayed until the modes reach an amplitude similar to that of the previous one. The reconnection during spheromak formation is thus best described in terms of discrete relaxation events rather than a continuous, turbulent-like process, resulting in the voltage spikes seen on the cathode.
III. 3D RECONNECTION PHYSICS MODELED BY NIMROD
In application of NIMROD to SSPX, two-fluid effects are neglected but the large differences between heat conduction along and across magnetic fields are included. This anisotropy is important to modeling temperature profiles accurately, and during reconnection the relatively cold plasma on short, open fieldlines is important to accurate magnetic-field modeling. 10, 11 Additional physics parameters used in the present calculation are listed in Appendix A.
To examine the reconnection physics, we analyze a different simulation run than shown in Fig. 1 , in which a single reconnection event occurs thereby allowing an easier isolation of the processes of interest. The event discussed here occurs when the code is initialized with a low amplitude for the MHD modes, unlike the experiment where the lack of symmetry during breakdown generates high initial amplitudes. (The initial "seed" energy in the modes is 10 -3 of that in the simulation in Fig. 1.) As a result the first reconnection event occurs after the peak of the formation current, as seen in Fig. 2 .
The plasma bubble "blown" from the gun by the discharge current is seen in Because of the large current, the magnetic field pinches along the geometric axis, and after about 50 µs symmetry-breaking magnetic modes begin to grow. formed. Figure 4 shows the contours of constant toroidally-averaged poloidal flux and associated fieldline Poincaré plots as the event nears completion. There has clearly been a transition to chaotic behavior. The resulting state has been characterized as "non-hyperbolic chaotic scattering" by Finn et al. 22 The chaotic transition can also be seen by tracing a set of fieldlines from the outer flux conserver to the cathode. In Fig The source of both the reconnection and the chaotic behavior of the fieldlines lies in the breaking of the axisymmetry by the magnetic fluctuations, with the n=1 mode dominating (Fig. 2) . It is clear from the fieldline behavior, however, that there is fine structure associated with the reconnection. We have, therefore, examined details in the fields and currents from NIMROD. Figure 8 shows the spatial behavior of λ at a specific time and varying toroidal angle during the event.
The region of strong reconnection shows an n=1 structure, consistent with the dominant MHD mode.
The regions of yellow contours correspond to negative values. The magnetic field does not reverse sign, so these correspond to negative current density. The negative current sheet is most intense at φ = 0 at this time in the discharge. As all the fieldlines are open (and thus connect the flux conserver and cathode), this requires cross-field currents, which can be seen in the NIMROD output.
Furthermore, the strongest current sheets are localized inside the separatrix near the X-point of the mean-field spheromak. They become broader away from an azimuth of maximum current intensity; c.f. Fig. 8 for an example. Perpendicular fluid flows, Fig. 9 , become large around the current sheet. The region of large perpendicular flow near the geometric axis has an n = 1 structure but there is no current sheet associated with it. It therefore appears to be associated with the large-scale structure of the n = 1 mode rather than reconnection processes. Flux conversion continues at a slower rate after the strong event discussed here, eventually being balanced (and then dominated) by resistive decay later in the discharge as the mode amplitude decreases.
10, 11
Examination of vector plots of the fields generated by NIMROD reveals no magnetic field nulls near the mean-field X-point, which have been posited by MHD. 32 In tests using NIMROD, it was found that the rotation had little effect on the spheromak evolution. azimuthally averaged λ.
